We evaluated the influence of host genetic factors on the course of murine cytomegalovirus (MCMV) lung infection after intranasal inoculation and on the development of interstitial pneumonitis after virus and cyclophosphamide (CP) administration. Susceptibility to virus replication in the lungs of various inbred murine strains was inherited as an autosomal dominant trait, which was associated with the H-2 locus. Similarly, the development of MCMV interstitial pneumonitis was inherited as an autosomal dominant, polygenic trait. Susceptibility to lung infection was necessary, but not sufficient for MCMV interstitial pneumonitis. Non-H-2-associated factors were also needed and probably related to CP metabolism or the character of immune recovery after CP administration. Therefore, inheritable host factors influence both susceptibility to MCMV lung infection and the genesis of MCMV interstitial pneumonitis.
INTRODUCTION
Clinical lung infections due to cytomegalovirus (CMV) occur predominantly in individuals whose immune defences have been altered by factors such as disease or medical therapy (Ho, 1982) . In these situations, viral interstitial pneumonia frequently disrupts lung function, often leading to respiratory compromise and death (Neiman et al., 1977; Peterson et al., 1980) . Currently, CMV infections involving the lung comprise a major impediment to success in organ transplantation efforts. However, little is known about the pathogenetic mechanisms leading to viral involvement of lung. Moreover, the relative contribution of host and viral factors leading to CMV interstitial pneumonia remain undefined.
Animal models of CMV infection have played an important role in our understanding of the pathogenetic mechanisms responsible for human disease (Henson et al., 1961 ; Jordan et al., 1977 ; Mannini & Medearis, 1961) . In order to gain insight into the potential mechanisms operating in CMV interstitial pneumonitis, we have been evaluating a murine model of murine CMV (MCMV) interstitial pneumonia. We previously reported that BALB/c mice inoculated with MCMV and given a single dose of cyclophosphamide (CP) develop interstitial pneumonia not seen with MCMV or CP alone (Shanley et al., 1982) . These studies also suggested that immunopathogenic factors contribute to the interstitial pneumonia in this model. Observations by a number of other investigators demonstrating that host genetic factors influence lethal MCMV infection prompted us to examine a number of inbred murine strains for susceptibility to MCMV lung infection and for subsequent interstitial pneumonia. These studies indicate that host genetic factors influence susceptibility to lung infection and the development of interstitial pneumonia.
METHODS
Mice. For these experiments, male and female BALB/c AnN, C3H/HeN and C57BL/10SCN(B10) mice as well as female DBA/2N, B10. A(5R) and SJL/J mice were obtained from Charles River Breeding Laboratories (Kingston, N.Y., U.S.A.) . C57BL/6SCN(B6), BI0.A, BI0.A(2R) and CBA mice were obtained from Harlan Sprague Dawley (Madison, Wis., U.S.A.). Female B10.A(4R) and B10.A(2R) mice were obtained from Simonsen Laboratories (Gilroy, Ca., U.S.A.), and AKR mice were obtained from the National Cancer Institute (Frederick, Md., U.S.A.). Female A/J, BI0. BR, C57BL/6J(B6) and C57BL/6J-beige mice were purchased from Jackson Laboratories (Bar Harbor, Me., U.S.A.).
Several types of hybrid mice were produced in our laboratory for study. F 1 mice were derived from BI0 males and C3H females. F~ mice were also derived from BALB/c and C3H males and females. Backcross mice were obtained by mating male F1 mice of the C3H and BALB/c cross with females of both C3H and BALB/c mice.
Animals were maintained in groups of five to ten in isolator units and fed Purina Laboratory Chow 500 and water ad libitum. The colony was monitored for both MCMV infection as well as for other respiratory pathogens. The mice were 6 to 8 weeks of age prior to use. Sera from all study animals were consistently negative for antibody to MCMV unless experimentally infected.
Virus. The Smith strain of MCM V originally obtained from M. C. Jordan (University of California at Davis and Veteran Medical Center) was used for these experiments. The virus has been maintained by serial passage in BALB/c mice and prepared as a 10~ (w/v) homogenate of salivary gland tissue. For these experiments, the virus was passed once in tissue culture using mouse embryo cells (MEC) and aliquots were prepared from clarified tissue culture supernatants (Shanley et al., 1982) . The inoculum for mock-infected controls was prepared by heating the virus inocutum at 56 °C for 60 min to destroy viable MCMV. Virus and control stocks were stored at -70 °C. The virus pool, which contained 2.0 x 106 p.f.u, of virus per ml, was assayed for virulence and found to cause death in 16/24 (67~) of suckling BALB/c mice inoculated with 1000 p.f.u, intraperitoneally (ip). The virus stock was screened and found to be free of other murine pathogens including pneumonia virus of mice, reovirus type 3, K virus, polyoma virus, Sendal virus, minute virus of mice, murine adenovirus, lymphocytic choriomeningitis virus, murine hepatitis virus, ectromelia virus and lactic dehydrogenase virus.
Cell culture methods. MEC were prepared from embryos of late-term pregnant CD-1 mice by trypsin/EDTA disaggregation and maintained in tissue culture using Eagle's (MEM) containing either 5 }~, or 10~o newborn calf serum and 100 units/ml penicillin and 50 gg/ml gentamicin. Virus in tissue homogenates was detected by inoculating 0.1 to 0.2 ml of tissue sample onto MEC monolayers in 25 cmz flasks. The cells were observed for viral cytopathic effects for 5 to 7 days. Quantification of virus was performed by plaque assay in MEC monolayers in 24-well tissue culture clusters using an overlay of MEM containing 20~ newborn calf serum, 0-02 M-HEPES (pH 7.5), 1 tragacanth and antibiotics (Selgrade & Osborn, 1974) .
Animal inoculation. To infect animals, mice were lightly anaesthetized with ether and 0-05 ml of stock virus (1 × i05 p.f.u.) was instilled into the nose. Previous work has demonstrated that inoculation by this method produces MCMV replication in the pulmonary tissues of 100 ~ of BALB/c and C3H mice, while rarely inducing interstitial pneumonitis (Shanley et al., 1982) . At this dose of virus, a comparison of intranasal inoculation and direct intratracheal instillation of virus revealed no differences in the level of MCMV replication in the lungs of BALB/c mice. Control animals were mock-inoculated in parallel using an equivalent volume of the virus stock which had been held at 56 °C to inactivate the virus.
To induce interstitial pneumonitis in the MCMV-infected animals, cyclophosphamide (Sigma) was prepared fresh as a 20 mg/ml solution and given as a single 0-20 mg/g body weight dose i.p. (interstitial pneumonitis) 24 h after intranasal virus inoculation. This regimen, in conjunction with MCMV infection, induced interstitial pneumonitis in > 90~ of BALB/c mice while rarely inducing pneumonitis in mock-infected controls (Shanley et al., 1982) .
Evaluation of virus infection and interstitialpneumonia. Mice were segregated by strain, sex and coat colour. Fourteen clays after virus inoculation, mice were killed and their body and right lung weights obtained. To quantify virus, pertinent tissues were prepared as 10 ~ (w/v) homogenates with MEM containing 10 ~o newborn calf serum, 10~ DMSO and stored at -70 °C until virus assay. For histological evaluation of tissues, lungs were perfused with Bouin's fixative as previously described and stained with haematoxylin and eosin for light microscopy (Shanley et al,, 1979) . For evaluation, the samples were coded before examination.
RESULTS

Susceptibility tO MCMV infection
Following intranasal inoculation, MCMV replication was substantially greater in BALB/c than in C3H mice (Table 1) . Virus recovery from lung and salivary gland tissues indicated that 100~ of both murine strains were infected at this virus dose. However, titres in BALB/c mice were consistently higher than those of C3H mice. In these studies, neither murine strain developed histological evidence of interstitial pneumonitis.
Because of the pronounced differences in susceptibility of C3H and BALB/c mice, we evaluated a variety of inbred murine strains for virus replication in the lungs 14 days after intranasal inoculation ( than mice that were H-2 d, b or a. B10. BR mice, an H-2 k congenic strain of C57BL/10SCN, were resistant to virus replication despite the fact that 100~ of the animals were infected with MCMV. This indicated that resistance to MCMV replication was closely linked to the H-2 locus. The level of susceptibility of a given strain was reproducible in separate experiments. None of the strains examined spontaneously developed interstitial pneumonitis following intranasal inoculation of virus.
Inheritance of susceptibility
The inheritance patterns of susceptibility were further evaluated using the progeny of BALB/c (susceptible) and C3H (resistant) mice (Fig. 1) . The lung virus titres ofF1 progeny were comparable to those of the BALB/c parents. The virus titres of the backcross progeny of F1 males crossed with C3H females segregated into two populations with viral titres comparable to the BALB/c or C3H parental mice. The F1 x BALB/c backcross mice were all similar to the BALB/c parent. There was no evidence of sex linkage. Similar results were obtained using male B10 (susceptible) and female C3H (resistant) parents (Fig. 2) . Therefore, susceptibility to MCMV lung replication segregates as an autosomal dominant trait. 
Susceptibility to interstitial pneumonia
Prior studies demonstrated that > 90~ of BALB/c mice infected with MCMV and given a single dose of CP developed interstitial pneumonitis not seen with MCMV or CP alone. In contrast, C3H mice did not develop interstitial pneumonitis after virus and CP administration. Therefore, using these two strains of mice, we attempted to determine whether susceptibility to interstitial pneumonitis behaved as an heritable trait (Table 3) . Sixteen of 18 F1 progeny of C3H and BALB/c mice developed interstitial pneumonitis, following MCMV inoculation and cyclophosphamide administration. Thirty-five of 47 (74~) of the F1 x BALB/c backcross offspring developed interstitial pneumonitis, while one of six of the backcross progeny of F1 and C3H mice developed interstitial pneumonitis. There was no association of interstitial pneumonitis with sex or coat colour. Therefore, the inheritance pattern for interstitial pneumonitis was most consistent with an autosomal dominant trait, with at least two genetic determinants (King, 1962) .
A number of additional inbred murine strains were evaluated for susceptibility to interstitial pneumonitis following MCMV infection and CP administration (Table 4 ). In addition to BALB/c mice, A/J and SJL/J mice developed interstitial pneumonitis following MCMV inoculation and CP administration. However, the majority of strains did not develop interstitial pneumonitis, including MCMV-susceptible strains such as B10 and B6 mice. DBA/2N mice, which are H-2-compatible with BALB/c mice and are also virus-susceptible, did not develop interstitial pneumonitis. These data imply that non-H-2 determinants are important in susceptibility to interstitial pneumonitis and that interstitial pneumonitis is not unique to BALB/c mice.
Since the H-2 locus is known to influence resistance to MCMV infection, we examined a number of congenic strains of mice with the B10 background for susceptibility to interstitial pneumonitis (Table 5) Cyclophosphamide, an alkylating agent, must be metabolized by hepatic microsomes to an active form to be effective (Brock et al., 1971) . Since this agent is an important element in this model system, we evaluated activation of CP by various murine strains (Table 4) . Based on the regression of spleen size 4 days after drug administration, all murine strains examined were able to metabolize CP to an active form.
DISCUSSION
The majority of studies of host genetic factors and resistance to MCMV infection have utilized lethality as a phenotypic marker. However, because of our interest in MCMV-induced lung disease, we have chosen to examine the effects of host factors on MCMV lung infection and the induction of interstitial pneumonia. Our studies indicate that these two processes are distinct entities, both of which are influenced by inherited host factors.
As a phenotypic marker, the extent of MCMV replication in the lungs of a given murine type was consistent, but individual murine strains varied in the degree of virus production in lung tissue. Relative susceptibility or resistance to virus propagation was associated with the H-2 locus and was inherited as an autosomal trait.
Our findings complement studies which employed lethality as a phenotypic marker, although there are some interesting differences. Susceptibility to lethal infection is inherited primarily as an autosomal dominant trait which maps in the H-2 region [Chalmer et al., 1977 : Grundy (Chalmer) et al., 1981 . However, the trait is apparently strongly influenced by non-H-2 background genes which increased the resistance of some F1 progeny compared to susceptible parents. In contrast, in our studies the effects of similar background genes were not obvious. We observed that the MCMV titre in the lungs of all F1 progeny were comparable to susceptible parents. This disparity with previous studies is most likely due to differences in the complexity of the two traits being studied. Susceptibility to lethal infection involves more factors than susceptibility to virus propagation and, as such, may be more subject to modulation by background genes. In addition, differences in initiating infection (intraperitoneal or intranasal) may account for the different outcome of infection (Selgrade et al., 1984) .
A number of studies have attempted to determine the basis for H-2 and non-H-2 resistance to lethal MCMV infection. The production of early interferon, natural killer (NK) cell response, and T cell-mediated factors appear to relate to the non-H-2 resistance patterns . No mechanisms have been clearly established to correlate with H-2 resistance. However, the early appearance of differences in virus propagation imply that susceptibility may be due to either intrinsic characteristics of the host cells supporting MCMV replication or very early host immune responses such as interferon or NK cell responses. Studies in vitro of fibroblasts derived from various murine strains have shown negligible differences in virus production (Chalmer et al., 1977; Harnett & Shellam, 1982) . However, Nedrud et al. (1979) using ciliated respiratory epithelial ceils in tracheal ring culture have shown differences in MCMV replication which are comparable to the patterns seen in murine strains in civo. Since epithelial cells, not mesenchymal cells, are thought to be the cells supporting virus replication in vivo, these studies suggest that factors operating at the cellular level may be responsible for the strain differences seen. Although the mechanism for this is not known, the association of this trait with the H-2 locus makes the expression of a factor such as a viral receptor at the cell surface an attractive possibility.
The effects of early host immune responses on lethal infection have also been studied. Inhibition of the early interferon response or the absence of NK cell activity both lead to increased mortality [Grundy Shellam et al., 1981 ] . However, these factors appear to be associated with non-H-2 resistance. In a complex trait such as lethality, one could envisage the effects of intrinsic resistance factors at the cellular level being modulated by non-H-2 factors, modifying the lethal outcome. We have not evaluated the effects of interferon on virus replication in the lung. However, no differences were observed in the course of MCMV replication in the lungs of the NK cell-deficient beige mutant of B6 mice compared to the heterozygous littermate. This would imply that NK ceils, while they influence lethality, are not involved in the susceptibility trait we are studying. H-2-related intrinsic cellular factors appear to be a more attractive explanation, although a role for interferon can not be excluded.
Host factors also influenced the induction of interstitial pneumonitis in this model system. This trait was also inherited as an autosomal dominant trait, but backcross studies indicated that it was determined by at least two genes. Our findings indicate that susceptibility to lung infection was necessary but not sufficient to induce interstitial pneumonitis, and additional factors were needed. The absence of interstitial pneumonitis in DBA mice and its presence in BALB/c mice, strains which are H-2 identical and virus-susceptible, indicate that non-H-2 factors are involved in the development of interstitial pneumonitis.
The role of the H-2 locus in the genesis of interstitial pneumonitis is not clear. Our data indicated that susceptibility to MCMV replication in the lung, an H-2-related trait, is one factor. However, the occurrence of interstitial pneumonitis in several of the congenic strains of B10 mice also suggested that the H-2 or adjacent loci, such as the Tla locus, might be directly involved in induction of interstitial pneumonitis. This seemed to conflict with the results of comparing DBA and BALB/c mice indicating non-H-2 control. However, recent evidence has suggested that congenic strains of B10 mice may have small variations in the non-H-2 genes (Hayes et al., 1984) . Therefore, differences in H-2 adjacent loci such as the Tla locus or differences in non-H-2 loci could account for the differences observed in our experiments. Further study will be needed to resolve these points.
The administration of CP is a critical element in this model. Since CP must be metabolized to an active form by the liver to be effective, it is possible that differences in metabolism could account for the variations in susceptibility to interstitial pneumonitis. Based on the regression of spleen size, our studies show that all murine strains studied activated CP. It is more likely that the difference in murine strains which we observed is due either to strain variations in the types of active metabolites produced or in the characteristics of recovery of the immune system after immunosuppression, rather than failure to activate CP. Indeed, one report demonstrated strain differences in cyclophosphamide-induced suppression ofT cell cytotoxicity (Hurme et al., 1980) following CP administration in vivo.
The pathogenesis of CMV interstitial pneumonitis is largely undefined and the relative contributions of host and viral factors to this process are unknown. These studies indicate that inheritable host factors can influence both the susceptibility to lung infection and the induction of interstitial pneumonitis. These are controlled by complex interactions of H-2-and non-H-2-related factors. Definition of the cellular and immune mechanisms influencing these processes will greatly enhance our understanding and approach to these disease processes.
